This paper focuses on the steady-state analysis of location and control of distributed power generators encompassing a virtual power plant (VPP). The significant increase worldwide in distributed generation from renewable energy has been largely due to the concern with the environment, the grid access and the strong support policies for the promotion of renewable electricity. Deployment of distributed power plants has contributed to the new concept of VPP as a solution to handle the mix of conventional and distributed energy sources. Produced energy from even small scale generators will be utilized in energy markets and can contribute to the enhancement of the electrical power system. When aggregated, the group of DG would gain access and visibility across the energy markets and the system operation will benefit from optimal use of all available capacity and increased efficiency of operation.
Introduction
The meaningful growth of distributed power generation from renewable energy sources in the last decade has been primarily driven by environmental concerns, the grid access and the strong support policies for the promotion of renewable electricity. A great share of distributed generation (DG) units feed a respectable amount of electrical energy directly into the distribution level. The dispersed and stochastic characteristic of the renewable based DG units needs to be properly managed in order to guarantee security and quality of supply as well as to improve the system efficiency at an economic level. To take full advantage of the DG concept, decentralised control paradigm has been considered that ensures a coordinated operation of the dispersed units. When aggregated, the group of DG would gain access and visibility across the energy markets and the system operation will benefit from optimal use of all available capacity and increased efficiency of operation [1] - [3] . A cluster of distributed generation installations, controllable loads and storage systems when aggregated and collectively run by a central control unit by means of modern information and communication technologies is called virtual power plant (VPP) [4] . VPP can facilitate the decentralisation of the system management necessary for systems with a large number of small-scale. The VPP should act like a conventional power plant which keeps the power system balanced and guarantees the appropriate power quality level. This paper deals with the location and control of three DG units in an 11kV commercial distribution system. The power losses, voltage drop and voltage regulation are taken into consideration to allocate the units through a global performance index [5] . Three different strategies of power dispatch are applied to the cluster of DG, which are termed the basic, the intelligent and the efficient control strategies [6] . The system performance is evaluated considering the DG units either operating with constant power factor or constant bus voltage.
The paper is outlined with four sections as follows: section 1 depicts the new moving experienced by the distribution system with the proliferation of distributed generation and the paper goals; section 2 presents the Brazilian regulation on distributed generation; the characteristics and parameters of the distribution testsystem as well as the location of the DG units are presented in section 3; the DG dispatch strategies are described in section 4 and finally the conclusion is presented in section 5.
The Brazilian Regulation to Distributed Generation
The distribution power system in Brazil is regulated by a set of rules compiled in a document known as the Distribution Procedures (Prodist) [7] . The Prodist disciplines the relationship between the power distribution utilities, consumers and suppliers connected to the distribution grid under 230kV. At present the Prodist rules are under revision by the National Electrical Energy Regulatory Agency (Aneel), in special the two modules which deal with Access to the Distribution System and the Power Quality besides further improvement needed in the other modules [8] , [9] . The two mentioned modules are highly related to the distributed generation issues. The most significant rules related to the distributed generation in Prodist will be summarized next.
A. The Connection Procedures
The connection of DG units to the distribution system in Brazil is established by contract between the producer and the local utility company. When the voltage connection is above 69kV the National Operator System (ONS) is called upon to coordinate the contract. The connection is accomplished in a.c. 60Hz. The producer is the only one in charge of the appropriate synchronization of its assets with the distribution system accessed.
The connection procedures should pay attention to the pattern given by performance indices and quality of service of the distribution. The producer is enabled to indicate the connection point of interest. The definition of the connection points for the generation plants is based on the least global cost criteria. Studies results with alternative connection points are required to be presented by the producer to the utility.
The generation plants connected to the high voltage distribution system (rms voltage equal to or above 69kV and under 230kV) can participate of the Automatic Generation Control and the Generation Shutdown Schedule.
The generation dispatch of the plants connected to the distribution system can be either centralized, in this case performed by the ONS, or non-centralized when performed by the initiative of each producer. The distribution utility company can aggregate the generation plants connected to the distribution grid in a given area to form a Distributed Generation Dispatch Centre (DGDC). The DGDC can supervise and command the respective generation plants; it also can coordinate and control the plants not dispatched by the ONS. The DGDC functions are among others: to limit the injection of power into the distribution system; control the voltage and the reactive power; to define the production of energy.
The aggregated generation plants form what is considered to be a Virtual Power Plant (VPP).
B. Voltage and Protection Requirements to DG Connection
The generation plants can be connected to the low voltage distribution system (rms phase-to-phase voltage equal to or inferior to 1 kV). However, there is any incentive to the low voltage connected consumer to make it an electricity producer. Table II shows the minimal protection requirements at the point of common coupling of the generation plant [8] . The protection system of the generation plant has to be in compliance with that of the utility company.
The generation plants with installed power greater than 300kW should evaluate the technical conditions to operate isolated taking into account the power quality criteria defined in the Prodist document [8] .
C. Power Quality Procedures
The steady-state voltage variation limits in the common connection point must be in accordance with the Prodist -Module 8 [9].
The acceptable operation voltage range of the DG units is the same as that given to the distribution utilities and penalties are provided according to the time elapsed out of the prescribed range. Table III classifies the voltage condition according to the voltage range. These voltage ranges are considered during the allocation of the DG units which are presented in the next section. The displacement power factor shall range between 0.9 when the generator unit operates overexcited and 0.95 when underexcited [10] .
The Distribution System Test
The evaluation of the location and dispatch strategies were tested on an 11kV commercial distribution system feeder with 11 nodes, 10 sections, 5 laterals, 9 fixed loads and 3 dynamic loads as shown in Figure 1 , with the system data given in Table IV [11] . The feeder constant loads are concentrated at the end terminals of each section as given in Table IV . The load profile of the three variable loads is shown in Figure 2 . These loads are connected to the buses 10, 22 and 30 [12] . The peak and the lower demand of the variable loads add up 6.63MW and 3.02MW, respectively.
Three DG units are considered to be connected to the distribution network, which are represented by synchronous generators with nominal power of 2.245MVA, 60Hz, 480V phase-to-phase terminal voltage and 0.9 lag power factor.
Step-up transformers 0.48/11kV, 60Hz, connect the DG units to the distribution system nodes. The Power Factory DigSilent software was applied to run the system power flow in order to define the nodes to connect the DG units and the Simulink/Matlab tool was applied to evaluate the units control dispatch to the optimal system configuration.
A. Location of the DG Units
Connection of DG in distribution networks may create technical and safety problems [13] . To optimize the interaction between conventional power plants and DG so as to guarantee safety and security of supply it is necessary to investigate whether the DG placement can bring about enhancement to the distribution operation. A multi-objective performance index as given in (1) is computed in order to assess the DG impact in view of the nodes voltage levels, the nodes voltage regulation and the active and reactive losses [5] . Three different network configurations as indicated in Table V have been tested and for each defined scenario the performance index as given in (1) computed. For each scenario it has been also evaluated the influence of two possible control approaches for the DG synchronous generators, the terminal voltage and the power factor control.
1) Generators with Voltage Control
When the generators voltages were controlled, the voltages were initially set to 1pu and then decreased up to a magnitude that could guarantee both the machines nominal power supply and the voltage magnitude of all the distribution nodes within the adequate range according to Aneel recommendation presented in Table  III . Figure 3 shows the resulting voltage magnitudes of the distribution nodes for each one of the three scenarios. 
2) Generators with Power Factor Control
Alternatively, the generators power factors were at first adjusted to unit, and two nodes (12 and 34) of the distribution system in the scenario k=3 departed from the adequate voltage range as shown in Fig.4 . To bring the network bus voltages to normal, the power factor of the generators were reset to 0.9 lag as shown in Figure 5 . 
3) Voltage Profile Indices
The indices IVD k and IVR k compute respectively the voltage deviation and the voltage regulation as a result of the DG connection.
where NN is the number of the network nodes, the phase-to-neutral voltage at each node when the system is operating at the minimum load demand with the DG at their maximum power generation.
The computed indices are presented in Table VII for both DG control approaches as explained in 1) and 2). It can be noted that for the IVD k index, the configuration 1 has presented the best index while scenario 3 has shown the worse indices for both sort of DG control. As far as the IVR k index is concerned the same value has resulted for the 3 configurations. Better results for both indices, IVD k and IVR k were obtained when the DG voltages were controlled. (6) where Losses k represents the total system complex losses under the evaluated scenario and Losses 0 the total complex losses under the system condition without DG.
The results of the computed indices are presented in Table VIII . It can be observed that the DG allocation in the configuration 3 has not improved the power losses as much as the other two configurations. When comparing the two DG control approaches to a given system configuration, it is observed that the power factor control has given better indices, i.e., less active and reactive power losses. 
5) Global Performance Index
To compute the global performance index as given in (1) a weighting factor equal to 0.3 has been considered to both IVD k and IP k . Alternatively, it has been assumed to IVR k and IQ k a weighting factor equal to 0.2. Table IX indicates the results for each system configuration. The configuration 1 with the power factor control has reached the best PI. However, when considering the voltage control, the configuration 2 is elected with an index value very close to the highest one. Thus, the selected nodes to connect the DG units are those given by configuration 1 (nodes 10, 22 and 30), which are considered to the application of the control dispatch of the DG presented at next. As far as the DG control strategy, it has been found most appropriate to operate the DG units with a constant power factor for small DG does not have sufficient capacity to regulate the voltage while interconnected. This also avoids having the voltage controls of several small machines competing with each other and the utility voltage regulation scheme.
Dispatch Control of Distributed Generators
There are two basic control concepts that can be applied to a group of distributed generators, the centralized and decentralized one, with and without communication among the DG units. The main goal of the control concepts presented at following is to reduce the power exchange between the supply utility and the load. Three control strategies based on [6] are applied to the distribution network shown in Figure 1 , which presents besides the constant loads three variable loads. The variable loads are programmed to be supplied by the set of DG units optimally allocated as shown previously.
The first control method is simple and it consists of a DG supplying a specific load according to its demand. The second method is a centralized control which aims to define the dispatch for each DG such that the total demand of the variable loads are as much as possible supplied by the DG units. Finally, an efficient control of the cluster of DG is applied which seeks the operation of the DG at their maximum efficiency.
A. Basic Dispatch Control
The first control method was implemented in only one DG connected in parallel with the grid. The goal is to supply the local load to reduce the energy required from the utility. The method can be extended to other DG units, but they are not integrated with no-communication among them. The utility works as supply backup whenever the demand is superior to the maximum generation capacity of the DG. When the demand is lower than the DG capacity, there is no power exchange between the utility and the load and the DG supplies accordingly the demand required by the variable load.
B. Intelligent Dispatch Control
When more than one DG can supply the load demand, it is necessary to have communication system to exchange information about the required demand and the available generation. The second simulated method is a centralized control which receives information from the loads and controls the generators to match the demand according to programmed criteria. Figure 6 depicts the so-called intelligent dispatch control. To this approach the communication plays an important role. If a given load is not able to be full supplied by a programmed DG, then based on a predefined priority criteria, as that shown in Table X , the other DG units can supply the remaining load. The power exchange with the utility is only called upon when the total demand can not be matched by the cluster of DG. Figure 2 , when Load1 demands 1.95MW, Load2 1.66MW and Load3 1.64MW, Table XI gives the corresponding dispatch for each one of the three DG connected at nodes 30, 10 and 22. As it can be observed in Table XI , Load 1 demands power greater than the maximum generation capacity of DG 1. It can be recalled that it has been assumed that the DG is operated with a constant power factor which has been set to unity and in this case, according to the capability curve of the DG, its maximum allowed active power is equal to 1.79 MW. Based on the priority ranking in Table X , DG 2 shall supply the remaining demand of Load 1, equal to 160 kW. However, its generation capacity was reached before matching the remaining demand of Load 1. DG 2 supplies preferentially 1.66MW to Load 2 plus 130 kW to Load 1.The 30 kW remaining are dispatched by DG 3.
C. Efficient Dispatch Control
As with the big synchronous generators, the small ones do not have their maximum performance when they are operating at their maximum power. For that reason, the third simulated control method is based on the operation of the DG units at their maximum performance.
Each DG has its own dispatch center which controls the DG to supply the most priority related load and exchanges information with the other centers about the produced power and the demand from the other loads. The efficient dispatch control is therefore decentralized with the purpose to operate the DG units at their maximum performance and with minimal power exchange from the supply utility. As the previous described method, communication technology plays an important role making it possible the concept of virtual power plant (VPP).
When the load related to a given DG is greater than the DG efficient power production, then based on the information from the other dispatch centers the local center makes the decision about which DG are enabled to complement that demand.
The greatest efficiency of the three applied DG synchronous machines is the same and lies between 1.38MW and 1.60MW as given by the machines datasheet. Table XII presents the dispatch results for a demand condition required at about 6am as shown in Figure 2 . In order to accomplish the efficient dispatch control it is necessary that each DG operates within its efficient power range. For the chosen load operating point, DG 1 generates 1.46MW, which is within its efficient power range, DG 2 in turn increases its production to 1.44MW to supply its associated load and complement load 1 demand, also it operates within its efficient power range, and DG 3 fulfills the production, yet operating close to its lower range efficient power. Figure 7 shows the total demand curve (upper curve) taking into account the constant and variable load of the distribution network and also the total demand of the three variable loads (ΣVariable Load). The production of each DG is also depicted (DG 1, DG 2 and DG 3) as well as the total production (ΣDGs). The difference shown in Figure 7 between the upper curve and the total variable load curve represents the system constant power which adds up 5.69MW. As each DG unit aims to supply its related variable loads, the demand curve is superior to the total DG production what means that there is no power exportation from the DG to the network.
It is noteworthy that during the period approximately from 8am to 7pm the utility supplies part of the demand of the variable loads because the DG have reached their capacity whose summation is inferior to the total demand of the variable loads. However, the VPP contributes to chop off the peak demand. During off-peak condition, the DG set are able to match their related loads. Conditions which the maximum efficiency is not possible to be complied by all generators may occur. In these cases, the control strategy seeks that each unit production moves as much as possible nearer the range of maximum efficiency. When there are a mix of DG from different energy resources, size and efficiency, the efficient dispatch control becomes more dynamic, however the control concept is still suitable.
Conclusion
This paper has presented the application of dispatch methods on a practical distribution feeder with a cluster of distributed generation connected to the power network comprising a virtual power plant. A multi-objective performance index has been used to assess the most appropriate connection nodes for the distributed generators. The multi-objective function is weighted to assign practical consideration to each function term. Different weighting factors may result in different locations. However, the experience or the most critical aspects of the evaluated system can be weighed up. Two control types for the distributed generators operation, with constant voltage and constant power factor, have been considered to evaluate the effect on the performance index. The best performance index was found for the DG control with fixed power factor. With the optimal allocation of the DG units, it has been observed an improvement of the voltage on the most distant nodes from the generators and the real decrease in the network active power losses. Most utilities do not intend the DG to attempt to regulate the voltage because that would interfere with utility voltage regulation equipment and increase the chances of supporting an island. Multiple DG would interfere with each other. Small DG is simply not powerful enough to regulate the voltage and will be dominated by the daily voltage changes on the utility system. Small DG is almost universally required to interconnect with a fixed power factor or fixed reactive power control. Nevertheless, the DG when collectively controlled may be required to provide ancillary services such as voltage control. The efficient dispatch control has shown suitable results, however it has been noted that according to the load profile and the DG capacities, the control strategy may not be complied over the entire demand time span. Yet, the control method can still pursue the DG operation near the maximum efficiency. The VPP shall become a reality in a near future, promoting the widespread use of renewable resources, and with that the control systems must be readapted to accommodate this new reality.
